The reaction of aqueous glycerol over a series of ceria catalysts is investigated, to produce bio-renewable methanol. Product distributions were greatly influenced by the reaction temperature and catalyst contact time. Glycerol conversion of 21% was achieved for a 50 wt.% glycerol solution, over CeO 2 (8 m 2 g −1 ) at 320 • C. The carbon mass balance was >99% and the main product was hydroxyacetone. In contrast, at 440 • C the conversion and carbon mass balance were >99.9% and 76% respectively. Acetaldehyde and methanol were the major products at this higher temperature, as both can be formed from hydroxyacetone. The space-time yield (STY) of methanol at 320 • C and 440 • C was 15.2 and 145 g MeOH kg cat −1 h −1 respectively. Fresh CeO 2 was prepared and calcined at different temperatures, the textural properties were determined and their influence on the product distribution at iso-conversion and constant bed surface area was investigated. No obvious differences to the glycerol conversion or product selectivity were noted. Hence, we conclude that the surface area of the CeO 2 does not appear to influence the reaction selectivity to methanol and other products formed from the conversion of glycerol.
Introduction
The increased availability of glycerol; a by-product of first generation biodiesel production, has provided researchers with an opportunity to identify new routes to important platform chemicals and fuels from glycerol [1, 2] . Production of biodiesel produces impure glycerol at approximately one tenth the mass of biodiesel [3] and consumes methanol derived from fossil fuels [4] [5] [6] . For this reason, it would be advantageous to develop a means of producing methanol directly from glycerol in a sustainable and economic manner.
To date, vapour phase reactions of dilute glycerol have been dominated by the solid acid catalysed production of acrolein [7] [8] [9] [10] . The double dehydration of glycerol can produce acrolein in high yields and optimised catalysts can maintain this performance for >100 h [11] . Acrolein is a valuable intermediate for the production of acrylic acid [12] , which is used in the manufacture of many plastics. Recently, Ueda and co-workers prepared an acid catalyst capable of producing acrylic acid from glycerol in one step [13] .
Alternatively, hydroxyacetone [14, 15] , carbonates [16, 17] and other polyols [17, 18] can be produced from dilute glycerol, typically at reaction temperatures below 300 • C. The hydrogenolysis
Catalyst Testing
Catalytic reactions were carries out using a gas-phase micro-reactor operating under continuous flow. Aqueous solutions containing glycerol (50 wt. %) were fed using an HPLC pump at flow rates of 0.016-0.048 mL min −1 into a preheater and vaporised (305 • C). The glycerol vapour passed through the reactor using a carrier gas; argon (15-45 mL min −1 ). The reactor pipes were heated to prevent condensation of feedstock or reaction products. Catalysts were used with a uniform particle size (250-425 µm) and formed through pelleting, crushing and finally sieved. Typically, the catalyst samples (0.5 g) were diluted with silicon carbide to a uniform volume (2 mL) and placed into a stainless steel tube with an 8 mm inner diameter supported by quartz wool, above and below the bed. These conditions resulted in mass velocities and space velocities between 675-5400 L h −1
Ar kg −1 cat. and 1580-10,800 L h −1
Ar L −1 cat. respectively. A thermocouple was placed in the catalyst bed and used to control reaction temperature, typically between 320-480 • C. Reaction products (liquids) were collected using a stainless steel trap (held at ca. 0 • C). Gaseous products were collected in a gas bag that was attached at the exit line of the liquid trap.
Analysis of Liquid reaction products were performed offline using a CP 3800 gas chromatograph (GC1, Varian now Agilent Technologies, Santa Clara, CA, US; capillary column; ZB-Wax plus, 30 m × 0.53 mm × 1 µm). An external standard (cyclohexanol) was used. Gaseous, carbon based reaction products were analysed offline using a Varian 450-GC gas chromatograph (GC2; capillary column; CP-Sil5CB, 50 m × 0.32 mm × 5 µm). Non-carbon based gases; H 2 and O 2 were analysed using a Varian CP3380 gas chromatograph (GC3; Porapak Q column). Product selectivities (carbon mol. %) were calculated from the moles of carbon in a product recovered divided by the total moles of carbon in all products. Product yield (mol. %) was calculated from the moles of product recovered divided by the total number of moles of glycerol injected. Product list and retention times based on GC analysis is illustrated in Table S1 . Additional qualitative analysis of the post reaction liquid sample was achieved with liquid chromatography-mass spectrometry (LCMS). Analysis was performed with a Bruker Amazon SL ion trap mass spectrometer, operated in a positive electrospray ion mode and paired to an Ultimate HPLC system (Thermo Fisher Scientific, Waltham, MA, USA). The HPLC (C-18 column and maintained at 40 • C) analysis used a gradient elution, consisting of 0.1% formic acid in H 2 O (A) and 0.1% formic acid in acetonitrile. The gradient elution was performed as reported in Table 1 on 10 µL samples of the reaction mixture. 
Calculations
The glycerol conversion (C GLY ) was calculated according to Equation (1) and based on the molar difference between carbon from glycerol fed into the reactor, g mi , and that detected at the outlet, g mo : The product selectivity (S p (x), carbon mol. %) for any product, x, was calculated from the moles of carbon recovered in x, x Cm divided by the sum of moles of carbon in each product, y Cm (Equation (2)):
The carbon balance can be obtained by comparing the moles of carbon accounted for in unreacted glycerol and in the identified products to the moles of carbon in glycerol entering the reactor:
Functional group yield (Y, carbon mol. %) data were calculated by the sum of products containing that functional group as a function of their selectivities (S G ), multiplied by conversion C GLY , multiplied by the carbon balance B C , omitting coke (Equation (3)).
The overall carbon balance B Ctot was calculated (Equation (5)) by dividing the sum of the carbon moles of products x Cm , coke x Ccoke estimated from post reaction characterisation and unreacted glycerol g mo by the carbon moles of glycerol injected into the reactor g mi :
The hydrogen balance B H was calculated (Equation (6)) by dividing the sum of the hydrogen moles of products x H , hydrogen gas (GC3) x Hgas and moles of hydrogen in unreacted glycerol g Hmo by the moles of hydrogen in glycerol injected into the reactor g Hmi .
The oxygen balance B O was calculated (Equation (7)) by dividing the sum of the oxygen moles of products x O , oxygen gas (GC3) x Ogas and moles of oxygen in unreacted glycerol g Omo by the moles of oxygen in glycerol injected into the reactor g Omi :
Carbon deposition, referred to as coke on the catalyst was calculated dividing the mass loss as analysed by TGA of the used catalyst m LOST , by the carbon moles of glycerol feed over the catalyst g mi (Equation (8)):
The methanol space-time-yield STY MeOH , was calculated (Equation (9)) from the mass of methanol m MeOH , produced per h (reaction time Rt), per mass of catalyst (m cat , kg):
Catalyst Characterisation
Powder X-ray diffraction (XRD) analysis of the catalysts was carried out on a PANalytical X'pert Pro powder diffractometer (Malvern Panalytical, Malvern, UK) using a Cu source operated at 40 KeV and 40 mA with a Ge (111) monochromator to select K α1 X-rays. Patterns were analysed from measurements taken over the 2θ angular range 10-80 • (step size of 0.016 • ).
Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) were carried out using a Labsys 1600 instrument (Setaram, Caluire, France). Alumina crucibles containing the samples (20-50 mg) were loaded into the instrument and heated to 900 • C (5 • C/min) under synthetic air (50 mL min −1 ). To exclude buoyancy effects, for specified TGA runs a blank experiment was subtracted from the relevant data.
Surface area analysis was carried out using the Brunauer Emmett Teller (BET) method with a QUADRASORBevo™ surface area and pore size analyser (Quantachrome a brand of Anton Parr, Boynton Beach, FL, USA). A forty point (20 adsorption and 20 desorption points) analysis was carried out using an adsorbate gas (N 2 at −196 • C). Samples (300 mg) were degassed under vacuum for 3 h at 110 • C prior to analysis.
Raman spectroscopy was performed using an inVia microscope (Renishaw, Gloucestershire, UK) operated at a wavelength of 514 nm. 10 acquisitions were performed per sample with an exposure time of 10 s; the laser was employed at 1% power.
Results and Discussion

Influence of Contact Time and Reaction Temperature
To ensure consistency across batches, commercially available CeO 2 , obtained from Acros Organics, (8 m 2 g −1 ) was used as a catalyst to examine the influence of contact time and reaction temperature on the conversion of glycerol. Figure 1 illustrates the effect of the contact time on the product yield per gram of the catalyst, for reactions at 320 • C with a 50 wt.% aqueous glycerol feed, over 0.5, 1.5 and 4 g of CeO 2 . Increasing the catalyst mass, increased the bed volume accordingly, which was determined to be 0.25, 0.65 and 1.7 mL for the reactions with 0.5, 1.5 and 4 g of CeO 2 respectively. This consequentially effected the GHSV, which ranged from 10,800 to 1588 h −1 . The glycerol conversion increased from 5, to 21, to 56% with the increasing catalyst bed volume. The carbon mass balance remained high (>99%) over the 0.5 g and 1.5 g catalyst samples. Over 4 g of catalyst, the mass balance was 92%. We consider the high carbon mass balances observed are due to the low relative glycerol conversion and the nature of the products formed, i.e., a low yield of aldehydic molecules. 
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Respective GHSV; 10800 h -1 , 4154 h -1 and 1588 h -1 .
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Comparing the product selectivity from the different reactions displayed in Figure Comparing the product selectivities from the experiments collected in Figure 1 is challenging, given that the glycerol conversions observed are notably different. These reactions do however, offer a means to understand the broad influence of catalyst contact time. The full product distributions for these experiments are complex and the full range of products are displayed in the supplementary information (Table S2 ). Over 1.5 g of ceria, the main products observed were hydroxyacetone, 1,2-propanediol and methanol with carbon mole selectivities of 45.4%, 6.0% and 6.0% respectively. Here we classify hydroxyacetone as a ketone despite its dual functionality, according to the most oxidised group taking precedent. Previously [28, 29] , we reported that a number of the products, including; methanol, acetaldehyde and 2,3-butanedione, originate from secondary reactions, which we proposed were formed from hydroxyacetone. As such, it would be rational to consider that as the contact time increases, the abundance of these products should also increase. However, in general the product yields per gram of catalyst remained similar. Over 1.5 g and 4 g of ceria, the yield per gram of hydroxyacetone was slightly reduced and an increase in the yield of an ester was also observed, along with a modest decrease in the yield of carboxylic acids. This result suggests that the catalyst surface, may promote the conversion of acids to esters. Interestingly, when the product yields are normalised to account for changes in the catalyst mass, the observed loss of acid products does not appear to account for the significant increase in esters and other unidentified products that could now be present ( Figure 1 ). However, we consider that the modest reduction of hydroxyacetone selectivity in combination with the loss of acids could account for the generation of esters. Chen et al. [30] reported the possibility of the esterification of a primary alcohol with a carboxylic acid, which suggests that hydroxyacetone reacted with acetic acid for example. Consequently, the increase in the yield of 2-oxopropyl acetate (Scheme 1), can be related to the increased contact time over high mass catalyst beds, where products can react further. we classify hydroxyacetone as a ketone despite its dual functionality, according to the most oxidised group taking precedent. Previously [28, 29] , we reported that a number of the products, including; methanol, acetaldehyde and 2,3-butanedione, originate from secondary reactions, which we proposed were formed from hydroxyacetone. As such, it would be rational to consider that as the contact time increases, the abundance of these products should also increase. However, in general the product yields per gram of catalyst remained similar. Over 1.5 g and 4 g of ceria, the yield per gram of hydroxyacetone was slightly reduced and an increase in the yield of an ester was also observed, along with a modest decrease in the yield of carboxylic acids. This result suggests that the catalyst surface, may promote the conversion of acids to esters. Interestingly, when the product yields are normalised to account for changes in the catalyst mass, the observed loss of acid products does not appear to account for the significant increase in esters and other unidentified products that could now be present (Figure 1 ). However, we consider that the modest reduction of hydroxyacetone selectivity in combination with the loss of acids could account for the generation of esters. Chen et al. [30] reported the possibility of the esterification of a primary alcohol with a carboxylic acid, which suggests that hydroxyacetone reacted with acetic acid for example. Consequently, the increase in the yield of 2-oxopropyl acetate (Scheme 1), can be related to the increased contact time over high mass catalyst beds, where products can react further. Scheme 1. Condensation reaction of hydroxyacetone and acetic acid to form 2-oxopropyl acetate. Similar reactions could account for the increase in unidentifiable products at high contact times over CeO2.
The methanol STYs calculated from the experiments conducted over 0.5 and 1.5 g of ceria is comparable; 15.8 and 15.2 gMeOH kgcat −1 h −1 respectively. However, over 4 g of ceria this reduces to 11.6 gMeOH kgcat −1 h −1 , which we attribute to the increased contact time and an increased potential for product re-adsorption and subsequent reaction, demonstrated by the increased quantity of unknowns produced. In contrast, the space-time-yield of hydroxyacetone was comparable over 1.5 and 4 g of ceria, and calculated to be 84.2 and 85.5 ghydroxyacetone kg −1 and h −1 respectively, compared with 63.3 ghydroxyacetone kg −1 h −1 over 0.5 g of ceria.
A reaction temperature of 320 °C, does not appear to be high enough to significantly promote secondary reactions involving hydroxyl containing intermediates, such as hydroxyacetone, ethylene glycol or 1,2-propanediol, which can undergo sequential reactions that lead to the formation of methanol. As we noted previously [28] , the STY of methanol is highly dependent on the reaction temperature, which we previously postulated to be due to the conversion of intermediate products such as hydroxyacetone. Table 2 contains the product yields, and Figure 2 the product selectivities collated into major functional groups, as a function of the reaction temperature. The individual product selectivities from these reactions are given in Table S3 . At lower reaction temperatures; below 400 °C, the formation of hydroxyacetone, 1,2-propanediol and ethylene glycol predominate. At reaction temperatures above 400 °C, the yield of ketones decreases from 18.3 to 12.5%, and the production of alcohols and aldehydes increases from 16.6 to 21.6% and 18.8 to 30.7% respectively. The yield of COx also increases to 11.6 % and the carbon mass balance decreases to 77% as the reaction temperature is increased.
Very little hydroxyacetone was observed for the reactions conducted at temperatures above 400 °C. However, increases in the quantity of acetone and 2,3-butanedione were observed as the reaction temperature was raised. These products are also considered to originate from hydroxyacetone, which Scheme 1. Condensation reaction of hydroxyacetone and acetic acid to form 2-oxopropyl acetate. Similar reactions could account for the increase in unidentifiable products at high contact times over CeO 2 .
The methanol STYs calculated from the experiments conducted over 0.5 and 1.5 g of ceria is comparable; 15.8 and 15.2 g MeOH kg cat −1 h −1 respectively. However, over 4 g of ceria this reduces to 11.6 g MeOH kg cat −1 h −1 , which we attribute to the increased contact time and an increased potential for product re-adsorption and subsequent reaction, demonstrated by the increased quantity of unknowns produced. In contrast, the space-time-yield of hydroxyacetone was comparable over 1.5 and 4 g of ceria, and calculated to be 84.2 and 85.5 g hydroxyacetone kg −1 and h −1 respectively, compared with 63.3 g hydroxyacetone kg −1 h −1 over 0.5 g of ceria.
A reaction temperature of 320 • C, does not appear to be high enough to significantly promote secondary reactions involving hydroxyl containing intermediates, such as hydroxyacetone, ethylene glycol or 1,2-propanediol, which can undergo sequential reactions that lead to the formation of methanol. As we noted previously [28] , the STY of methanol is highly dependent on the reaction temperature, which we previously postulated to be due to the conversion of intermediate products such as hydroxyacetone. Table 2 contains the product yields, and Figure 2 the product selectivities collated into major functional groups, as a function of the reaction temperature. The individual product selectivities from these reactions are given in Table S3 . At lower reaction temperatures; below 400 • C, the formation of hydroxyacetone, 1,2-propanediol and ethylene glycol predominate. At reaction temperatures above 400 • C, the yield of ketones decreases from 18.3 to 12.5%, and the production of alcohols and aldehydes increases from 16.6 to 21.6% and 18.8 to 30.7% respectively. The yield of CO x Energies 2019, 12, 1359 7 of 14 also increases to 11.6% and the carbon mass balance decreases to 77% as the reaction temperature is increased.
Very little hydroxyacetone was observed for the reactions conducted at temperatures above 400 • C. However, increases in the quantity of acetone and 2,3-butanedione were observed as the reaction temperature was raised. These products are also considered to originate from hydroxyacetone, which correlates with the substantial increase in the quantity of both acetaldehyde and methanol [28] . Methanol accounts for the vast majority of the total alcohol products and is considered to be relatively stable at the higher reaction temperatures used (Table S4 ). The quantity of diols; 1,2-propanediol, ethyl glycol and 1,3-propanediol, also reduced in a similar fashion to hydroxyacetone (<1% selectivity) over the catalyst at 440 • C. The STY of methanol increases when the reaction temperature is increased; from 15.8 to 59.8 to 100.2 to 145.7 g MeOH kg cat −1 h −1 at 320, 360, 400 and 440 • C respectively.
The differences in the product distributions at lower and high reaction temperatures strongly suggest that many of the C 2 + oxygenates, predominantly formed at low temperatures, are likely to be reaction intermediates. More specifically, it appears that C 2 and C 3 molecules containing one or more hydroxyl groups can undergo both C-O and C-C dissociation at higher temperatures. ethyl glycol and 1,3-propanediol, also reduced in a similar fashion to hydroxyacetone (<1% selectivity) over the catalyst at 440 °C. The STY of methanol increases when the reaction temperature is increased; from 15.8 to 59.8 to 100.2 to 145.7 gMeOH kgcat −1 h −1 at 320, 360, 400 and 440 °C respectively. The differences in the product distributions at lower and high reaction temperatures strongly suggest that many of the C2+ oxygenates, predominantly formed at low temperatures, are likely to be reaction intermediates. More specifically, it appears that C2 and C3 molecules containing one or more hydroxyl groups can undergo both C-O and C-C dissociation at higher temperatures. yield of products by functional group detected in GC1 and GC2; Alc., alcohols; Ald., aldehydes; Ket., ketones; Ac., acids; Est., esters; Unk., unidentified products (Full product list in Table  S2 ). Reaction conditions; CeO2 (8 m 2 g −1 ) 1.5 g, GHSV 4154 h −1 , 50 wt.% Gly/H2O, Ar 45 mL min −1 . The decrease of the carbon mass balance from 100 to 77 % as the reaction temperature increases, coincides with an increase in the quantity of aldehydes observed. The stability of aldehydes over ceria has been studied on polycrystalline materials [31] and thin films with a (111) surface [32, 33] . These studies indicated that the ceria surface can dramatically influence the acetaldehyde reactivity. Idriss et al. [31] reported that acetaldehyde can undergo many reactions on the surface of ceria, which can result in the desorption of products such as CO2, CH4 and C4 olefins at similar temperatures to those The decrease of the carbon mass balance from 100 to 77% as the reaction temperature increases, coincides with an increase in the quantity of aldehydes observed. The stability of aldehydes over ceria has been studied on polycrystalline materials [31] and thin films with a (111) surface [32, 33] . These studies indicated that the ceria surface can dramatically influence the acetaldehyde reactivity. Idriss et al. [31] reported that acetaldehyde can undergo many reactions on the surface of ceria, which can result in the desorption of products such as CO 2 , CH 4 and C 4 olefins at similar temperatures to those used in the present study (400 • C). Acetaldehyde has been reported to chemisorb weakly on oxidised ceria, however, it was found to bind strongly as a carbanion to reduced ceria [32] . This carbanion species will likely partake in sequential reactions to form other products or be retained on the surface as coke, and hence, lower the carbon mass balance. Surface-bound organic molecules or coke, only contribute to approximately 2% of the overall carbon mass balance, which was determined from TGA of the post-reaction samples.
Alcohols Diols Aldehydes Ketones Acids
Influence of Catalyst Calcination Temperature
Low surface area ceria has been shown to be an effective catalyst for the conversion of glycerol to methanol, but typically requires a high reaction temperature (>400 • C). However, at these temperatures the selectivity to methanol is compromised by an increased production of aldehydic molecules such as acetaldehyde (Table S3 ). Modifications to the ceria surface area may allow for a greater methanol selectivity at lower reaction temperatures. For this reason, the influence of ceria calcination temperature on product selectivity was investigated, and the influence of the surface area and crystallite size with respect to the catalytic activity and methanol STY was established. A cerium hydroxide catalyst precursor was prepared from Ce(NO 3 ) 3 ·9(H 2 O) by precipitation with NH 4 OH. The precursor was calcined at 400, 500, 600 and 700 • C and characterised by powder XRD, Raman spectroscopy and N 2 adsorption; to determine the crystallite size, defect density and BET surface area respectively. These materials were subsequently tested at 340 • C with a 50 wt.% aqueous glycerol feed.
The powder XRD patterns of the CeO 2 materials calcined at different temperatures are displayed in Figure 3 . All the reflections can be indexed to a cubic fluorite structure (JCPDS no. 34-0394) and are characteristic of an Fm-3m space group. The intensity of diffraction peaks increase and the peak widths decrease with increasing calcination temperature, and consequently the crystallite size increases ( Table 3 ). The crystallite size was calculated with the Scherrer equation, however, we take the values as a guide due to the cubic nature of the CeO 2 particles within this polycrystalline material. Mamontov et al. also observed an increase in crystallite size according to an increasing calcination temperature, and determined that this change was permanent upon cooling [34] . Concurrent with this increase of crystallite size is an expected loss of surface area. The ceria calcined at 400 • C exhibited a surface area of 38 m 2 g −1 which decreases to 22 m 2 g −1 when calcined at 700 • C (Table 3) . Additionally, the defect density generally decreases according to the increasing calcination temperature ( Table 3 ). The defect density was calculated from Raman spectroscopy by considering the ratio of the peak areas at ca. 465 cm −1 (F 2g ) and the mode at ca. 590 cm −1 , which indicates the presence of intrinsic oxygen vacancies giving rise to a Ce 3+ defect mode [35, 36] . The F 2g mode represents the symmetrical stretching of the oxygen atoms about Ce 4+ . The ratio of the Raman lines can be used to estimate the defect density. The material calcined at 400 • C has a defect density of 0.58%, which increases to 0.83% when calcined at 500 • C. At higher calcination temperatures, this decreases significantly to 0.05% after calcination at 700 • C, and can be attributed to the increase in the crystallinity of the structure. The intensity of the F 2g mode initially decreases with increasing calcination temperature, however, when calcined at 700 • C the intensity significantly increases due to the restructured crystallites. The defect density has been strongly linked to redox catalytic activity of ceria through its oxygen storage capacity [35, 37, 38] . All the ceria materials in this study, typically possess low quantities of defects (Table 3) compared to CeO 2 materials doped with rare-earth metals such as Pr 3+ or Sm 3+ [39] .
calcined at 500 °C. At higher calcination temperatures, this decreases significantly to 0.05 % after calcination at 700 °C, and can be attributed to the increase in the crystallinity of the structure. The intensity of the F2g mode initially decreases with increasing calcination temperature, however, when calcined at 700 °C the intensity significantly increases due to the restructured crystallites. The defect density has been strongly linked to redox catalytic activity of ceria through its oxygen storage capacity [35, 37, 38] . All the ceria materials in this study, typically possess low quantities of defects (Table 3) compared to CeO2 materials doped with rare-earth metals such as Pr 3+ or Sm 3+ [39] . The corresponding glycerol conversions and product yields for ceria catalysts calcined at varying temperature are displayed in Table 4 . These reactions were carried out using differing catalyst masses to maintain a consistent catalyst bed surface area. Furthermore, the argon gas flows was adjusted such that the GHSV in each of the experiments was comparable; approximately 3450 h −1 based on a uniform catalyst bed volume. The glycerol partial pressure changed from 47 to 29 Pa over the catalysts in Table 4 , and represents ca. 0.05 % of the total system pressure. The glycerol conversion was ca. 83% over each of the CeO2 catalysts tested (Table 4) . Therefore, if any changes in the product selectivity ( Figure 5 ) are observed, this can be assigned to surface features of the different CeO2 catalysts. We reported previously on the influence of the SiC diluent and we consider that the minor changes to the mass of SiC in this set of experiments will not significantly impact the product distribution [29] . The collective product yields produced in these experiments are listed in Table 4 and are comparable for each of the catalysts tested.
The carbon mole selectivity to hydroxyacetone over each of the catalysts calcined at 400-700 °C was 32.1, 33.0, 28.8 and 29.1% respectively, with a standard deviation of 1.8% (Table S5 ). The The corresponding glycerol conversions and product yields for ceria catalysts calcined at varying temperature are displayed in Table 4 . These reactions were carried out using differing catalyst masses to maintain a consistent catalyst bed surface area. Furthermore, the argon gas flows was adjusted such that the GHSV in each of the experiments was comparable; approximately 3450 h −1 based on a uniform catalyst bed volume. The glycerol partial pressure changed from 47 to 29 Pa over the catalysts in Table 4 , and represents ca. 0.05% of the total system pressure. The glycerol conversion was ca. 83% over each of the CeO 2 catalysts tested (Table 4) . Therefore, if any changes in the product selectivity ( Figure 5 ) are observed, this can be assigned to surface features of the different CeO 2 catalysts. We reported previously on the influence of the SiC diluent and we consider that the minor changes to the mass of SiC in this set of experiments will not significantly impact the product distribution [29] . The collective product yields produced in these experiments are listed in Table 4 and are comparable for each of the catalysts tested.
The carbon mole selectivity to hydroxyacetone over each of the catalysts calcined at 400-700 • C was 32.1, 33.0, 28.8 and 29.1% respectively, with a standard deviation of 1.8% (Table S5 ). The deviation of other major products such as acetaldehyde, methanol and ethylene glycol was also minimal, and calculated to be <1%. Therefore, we consider the reaction selectivities reported in Figure 5 and Table S5 to be comparable. The carbon mass balance across the samples tested was similar (ca. 82%), and for all catalysts the degree of fouling by carbon deposition was low (ca. 20 mg Coke g −1 ). This result implies that the surface area differences, crystallite size and defect density do not appear to direct the product selectivities at iso-conversion. This observation suggests that the surface crystallite facets may have more influence on product selectivity and work is underway to investigate this.
Carbon deposition on the catalyst during the reactions was determined to be insignificant (<3%), even when reactions were conducted at high temperatures. Total organic carbon analysis was performed on the post-reaction effluent and was determined to be 95% over the CeO 2 catalyst calcined at 600 • C. As such, we conclude that the remaining 5% of the missing carbon is attributed to reactor fouling. The carbon mass balance based on liquid and gas phase products, as quantified by GC1 and 2, along with any catalytic carbon deposition, was 85%, with 79% comprised of liquid phase products (Table S6 ). The inference is that chemical species are present which cannot be analysed by GC totalling ca. 10% of the carbon moles injected into the reactor. Consequently, LC-MS analysis was utilised to qualitatively monitor the presence of species with high molecular weights. Fragments were analysed between 100 and 1000 m/z. The reaction performed at 340 • C, over 0.7 g of ceria calcined at 600 • C, was analysed by LC-MS ( Figure S2 ). A blank sample (D.I. water) was also analysed to exclude any column bleed, which may be observed at the end of the trace. The corresponding chromatogram was very complex, with numerous peaks detected, making product identification very challenging. However, whilst specific products cannot be identified, the use of LC-MS confirms the presence of high molecular weight fragments, which may form through base-catalysed condensation reactions, indicating the presence of undesirable side products. Therefore, we attribute the difference between the TOC observed post reaction (95%) and the corresponding carbon mass balance (85%) to a proportion of heavy products produced during the reaction, which are not visible by GC.
Carbon deposition on the catalyst during the reactions was determined to be insignificant (<3%), even when reactions were conducted at high temperatures. Total organic carbon analysis was performed on the post-reaction effluent and was determined to be 95% over the CeO2 catalyst calcined at 600 °C. As such, we conclude that the remaining 5% of the missing carbon is attributed to reactor fouling. The carbon mass balance based on liquid and gas phase products, as quantified by GC1 and 2, along with any catalytic carbon deposition, was 85%, with 79% comprised of liquid phase products (Table S6 ). The inference is that chemical species are present which cannot be analysed by GC totalling ca. 10% of the carbon moles injected into the reactor. Consequently, LC-MS analysis was utilised to qualitatively monitor the presence of species with high molecular weights. Fragments were analysed between 100 and 1000 m/z. The reaction performed at 340 °C, over 0.7 g of ceria calcined at 600 °C, was analysed by LC-MS ( Figure S2 ). A blank sample (D.I. water) was also analysed to exclude any column bleed, which may be observed at the end of the trace. The corresponding chromatogram was very complex, with numerous peaks detected, making product identification very challenging. However, whilst specific products cannot be identified, the use of LC-MS confirms the presence of high molecular weight fragments, which may form through base-catalysed condensation reactions, indicating the presence of undesirable side products. Therefore, we attribute the difference between the TOC observed post reaction (95%) and the corresponding carbon mass balance (85%) to a proportion of heavy products produced during the reaction, which are not visible by GC. 
Conclusions
The conversion of glycerol over ceria catalysts is a complex process, consisting of numerous reaction routes which can result in a wide variety of products. Both the temperature and catalyst contact time heavily influence the product distribution, with higher temperatures required to achieve higher space-time-yields of methanol. Increasing reaction temperatures resulted in a reduction in a Glycerol conversion; b Carbon, hydrogen and oxygen mass balance (±3%) of products detected in GC1 and GC2; c Carbon balance, values in parenthesis include coke from TGA measurements; d yield of products detected in GC1 and GC2; Alc., alcohols; Ald., aldehydes; Ket., ketones; Ac., acids; Est., esters; Unk., unidentified products (Full product list in Table S5 ); e methanol space time yield. Reaction conditions; 340 • C, 50 wt.% Gly/H 2 O, GHSV ca. 3450 h −1 .
The conversion of glycerol over ceria catalysts is a complex process, consisting of numerous reaction routes which can result in a wide variety of products. Both the temperature and catalyst contact time heavily influence the product distribution, with higher temperatures required to achieve higher space-time-yields of methanol. Increasing reaction temperatures resulted in a reduction in hydroxyacetone, potentially via its participation in sequential catalytic reactions; leading to increased quantities of acetaldehyde, CO x , coke and other undetectable products. A subsequent investigation was conducted in order to establish the relationship between some physicochemical properties of CeO 2 and product distribution. In order to test these materials at comparable GHSVs, the quantity of catalyst used in these experiments was normalised to account for their variations in surface area. There appears to be no clear relationship between the quantity of CeO 2 defect sites and the reactivity of glycerol and its intermediates. As such, we propose that the reactivity of glycerol and its intermediates in this reaction are predominantly driven by the morphology of the catalyst, which will provide a foundation for future work in this area.
Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/7/1359/s1, Figure S1 : Nitrogen adsorption and desorption isotherms for ceria calcined at 400, 500, 600 and 700 • C, Figure S2 : LC-MS chromatogram corresponding to the post reaction solution of a reaction run over CeO 2 for 6 h. Table S1 : Liquid and gas product list, Table S2 : Influence of contact time on dilute glycerol reaction, Table S3 : Influence of reaction temperature on dilute glycerol reaction, Table S4 . Methanol stability over commercial CeO 2 at 400 • C, Table S5 : Influence of CeO 2 calcination temperature on dilute glycerol reaction with GHSV ca. 3450 h −1 , Table S6 : The total carbon content (%) observed in a reaction over CeO 2 for 6 h at GHSV ca. 3600 h −1 . 
